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Abstract

:

The Permian Lucaogou Formation in the Junggar Basin, NW China is the target layer for shale oil exploration, but its hydrocarbon precursors have remained the focus of debate. In this study, we investigated the Lucaogou source rocks throughout Well J10025 by conducting detailed petrological, paleontological, and geochemical analyses for the purpose of revealing the occurrence of cyanobacterial blooms as specific hydrocarbon events in the upper Lucaogou Formation. The morphological characteristics of the microfossils and the geochemical signatures of the microfossil-bearing layers support a biological affinity with Microcystis, a kind of cyanobacteria. Microcystis observed as colonial forms embedded in the upper Lucaogou Formation are of great abundance, indicating the presence of cyanobacterial blooms. They were further evidenced by cyanobacteria-derived biomarkers including low terrestrial/aquatic ratio, high 2α-methylhopane index values, and high abundance of 7- and 8-monomethyl heptadecanes. The blooms occurred in a semiarid and brackish paleoenvironment with anoxic to suboxic water conditions and intermittent volcanic eruptions. Permian Microcystis blooms contributed to the enrichment of organic matter in the upper Lucaogou Formation in two main ways: by directly promoting the accumulation of algal biomass and by creating an oxygen-depleted environment for better preservation of organic matter. This study adds a new record to the geological occurrences of cyanobacterial blooms in the Permian, and provides unique insight into the hydrocarbon generation of Jimsar shale oil in the Junggar Basin.
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1. Introduction


In modern lakes, cyanobacterial blooms (also known as algal blooms) have gained great attention globally due to their triggering factors and harmful impact on aquatic ecosystems [1,2,3]. However, cyanobacterial blooms might be beneficial for the accumulation of organic matter and generation of oil. In geological history, algal blooms dominated by various cyanobacteria have been widely recorded and might date back to the early Archean [4,5], the Neoarchean [6], or the Proterozoic Eon [7] (see more examples in [8]). In the Phanerozoic Eon, several cyanobacterial bloom peaks are also documented in the Cambrian [9,10], the early Silurian [11,12], and the Late Devonian periods [13,14]. During the transitional Permian–Triassic interval, shallow marine eutrophication resulted in the Microcystis bloom that was preserved in spotted and dendroid microbialites [15].



The Lucaogou Formation in the Junggar Basin is an oil-prone source rock containing enormous shale oil and tight oil resources [16,17,18,19]. The hydrocarbon precursors preserved in the paleoenvironment have remained the focus of debate [20,21]. Carroll et al. (1992) inferred that organic matter in the Lucaogou Formation came from methanotrophic bacteria living near the chemocline [22]. Tao et al. (2012) recognized that the dominant maceral group is bituminite, which is the decomposition by-product of algae, animal plankton, bacterial lipids, and other precursors [23]. Xie et al. (2015) observed microbial fossils with spherical structures and suggested microalgal inputs in the Lucaogou oil shales [24]. Su et al. (2019) proposed that the organic materials originated from aquatic organisms and terrestrial plants [25]. Liu et al. (2019) inferred dolomitized, silicified, and carbonized algae and other bacteria as the main contributors of liquid hydrocarbon in the Lucaogou black shales [26]. These works demonstrated microorganisms including bacteria and algae as the material source of the Lucaogou Formation. However, they did not refer to the hydrocarbon potential of cyanobacterial blooms. In fact, previous studies have revealed that the Lucaogou Formation was deposited mainly in a brackish to saline lacustrine system, with relatively stable and anoxic water conditions [27,28,29]. This kind of paleoenvironment favors microbial growth [8]. Ding et al. (2019) considered that volcanic ash may stimulate cyanobacterial blooming, as the main reason for accumulation of organic matter in sediments [30]. Sun et al. (2021) reported the discovery of methanogens from the Lucaogou Formation and further proposed that methanogenesis had an impact on hydrocarbon generation [31].



In this research, core samples from Well J10025 in the southeastern Jimsar Sag were studied in detail by conducting petrological, paleontological and geochemical analyses to reveal whether any cyanobacterial bloom occurred in the Lucaogou Formation. Based on this work, we hope to provide new insight into research on hydrocarbon generation in the Lucaogou Formation from the aspect of the relationship between cyanobacterial blooms and the enrichment of organic matter.




2. Geological Setting


The Junggar Basin, with an area of 130,000 km2, is a large superimposed and reformed oil-bearing basin in western China (Figure 1a) [32]. It is underlain by a Precambrian slightly metamorphic crystalline basement. As a consequence of polycyclic tectonic movements, it evolved from a Paleozoic foreland basin to a Mesozoic faulted basin, and finally transformed into a Cenozoic foreland basin [33,34,35].



The Junggar Basin is divided by basal structures into several structural units (Figure 1b), including three uplifts (the West Uplift, the East Uplift, and the Luliang Uplift), two depressions (the Wulungun Depression and the Central Depression) and the South Margin Piedmont Thrust Zone. The Jimsar Sag, a secondary structure of the East Uplift, is bounded by the Jimsar Fault in the north, the Xidi Fault and Qing 1 Well South No. 1 Fault in the west, the Fukang Fault Zone in the south, and the Guxi Uplift to the east (Figure 1c). The Jimsar Sag is a dustpan depression formed on the lower Carboniferous folded basement [29,36]. According to geological records, the Jimsar Sag underwent several distinct tectonic events in the Hercynian, Indosinian, Yanshan, and Himalayan periods [37,38].



Black shales from the Permian Lucaogou Formation, which are characterized by a large longitudinal span and wide planar distribution, have great exploration and development potential [39,40,41]. Based on seismic data and detailed core observations, the Lucaogou Formation is divided into two members, the upper member (P2l2) and the lower member (P2l1), both of which are further subdivided into two beds (P2l21 and P2l22, and P2l11 and P2l12). The upper member is mainly composed of mudstone, dolomitic mudstone, sandstone, muddy dolomite, and sandy dolomite, while siltstone, silty mudstone, and lime mudstone are more common in the lower member (Figure 1d).
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Figure 1. Geological map of the study area and stratigraphic column of the study well (modified from [42]). (a) Location of the Junggar Basin in China. (b) Structural map of the Junggar Basin. (c) Structural framework of the Jimsar Sag and location of the study well. (d) Stratigraphic column of Well J10025. 
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3. Materials and Methods


In this study, 30 samples were collected from Well J10025, including mudstone, siltstone, sandstone, and dolomite. We further selected 26 source rocks exclusive of sandstones for total organic carbon (TOC) and element concentration analyses, and 22 source rocks for biomarker compound analysis (Table 1 and Table 2). Individual samples were ground to a particle size of 100 mesh for TOC measurement and to 200 mesh or finer for element and biomarker analysis. For petrological studies, thin sections were cut normal to the bedding.



3.1. Petrological and Paleontological Analysis


Thirty samples were systematically analyzed using optical and fluorescence microscopy (Zeiss A1 Scope, Carl Zeiss AG, Oberkochen, Germany) to investigate the basic reservoir characteristics of the Lucaogou Formation. Based on the results, we further selected samples from the microfossil-bearing strata (J-17, 3574.2 m) for scanning electron microscopy (SEM, MIRA3 LMH, Tescan, Brno, The Czech Republic) and in situ element analysis. Samples with freshly broken surfaces were first observed under stereoscope to select the target area. Before SEM analysis, samples were air dried, mounted on stubs using double-sided tape, and coated with gold. Microscope images were taken under an accelerating voltage of 20 kV. In addition, elemental mapping of energy-dispersive X-ray spectrometry (EDS) was carried out on specific fossils. The above tests were conducted at the Geological Lab of Alternative Energy at Central South University (Changsha, China).




3.2. Biomarker Compound Analysis


Based on the petrological and paleontological analyses, we carried out biomarker compound analysis on 22 selected samples of the Lucaogou source rocks by QP2020NX gas chromatography–mass spectrometry (GC–MS, Shimadzu Corporation, Kyoto, Japan) at Central South University. To reduce potential contamination, samples were crushed to 100 mesh after the outer weathering surfaces were removed. An Rtx-5MS fused silica column (30 m × 0.25 mm × 0.25 μm) was used to separate hydrocarbons, employing helium as a carrier gas. The oven temperature was programmed to start at 80 °C (held for 3 min) and increased to 230 °C at a heating rate of 3 °C/min, and then to 310 °C at 2 °C/min.




3.3. TOC and Element Concentration Analysis


Total organic carbon (TOC) analysis was conducted by a Leco–CS744 instrument (LECO Corporation, St. Joseph, MI, USA) following the procedures of a Chinese national standard GB/T 19145-2003. Twenty-six selected samples of the Lucaogou source rocks were pretreated with dilute hydrochloric acid (5% HCl) to remove inorganic carbon [43,44]. The treated samples were burned in an oven at 1100 °C, adding iron chips and flux. The analytical errors were not more than 0.5%.



Major and trace element analyses were performed on 26 core samples at a petroleum technology corporation in Beijing. A wavelength X-ray fluorescence spectrometer (model: AxiosmAX, Malvern Panalytical, Malvern, UK) was used to determine the oxides of major elements, including SiO2, Al2O3, CaO, K2O, Na2O, Fe2O3, MnO, MgO, TiO2, and P2O5, according to Chinese national standard GB/T 14506.28-2010. Trace elements were analyzed by a NexION300D inductively coupled plasma mass spectrometer (ICP–MS, PerkinElmer, Waltham, MA, USA) in accordance with Chinese national standard GB/T 14506.30-2010. The analytical precision was better than ±5% and detection limits were 1–2 ppm for most trace elements.



The enrichment factor of elements was calculated by the following formula [45,46]. Samples were normalized to the upper continental crust [47].


XEF = (X/Al)sample/(X/Al)UCC



(1)




X and Al represent the weight percentage of elements X and Al, respectively.



The chemical index of alteration (CIA) can be calculated by the equation [48,49]:


CIA = [Al2O3/(Al2O3 + Na2O + CaO* + K2O)] × 100



(2)







CaO* represents the CaO content in the silicate fraction of the rock, which can be corrected using the formula: CaO′ = CaO − (10/3) P2O5. If the content of CaO′ is greater than that of Na2O, then CaO* is assumed to be equivalent to Na2O. In contrast, CaO* is equal to CaO′. All elemental concentrations are stated in percentage units.



The Cvalue is a proxy for paleoclimate, and the calculation is as follows:


Cvalue = Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na)



(3)







The units of all elemental concentrations in formula (3) are in ppm.





4. Results


4.1. Microfossils in the Lucaogou Formation


Detailed core and thin section observations reveal that mudstone, sandy mudstone, and dolomitic mudstone are the main source rocks of the Lucaogou Formation in Well J10025. They are primarily characterized by fine-grained compositions, thin interbedded layers, and frequent changes in lithology (Figure 1d and Figure 2a,b). In the upper member, a majority of well-preserved alginate, especially lamalginite, was visible in several samples, displaying yellowish to green fluorescence under incident blue light illumination (Figure 2c,f,i). Abundant lamalginite documents the occurrence of algal blooms. These algal laminae are always interbedded with terrigenous clastic laminae and sometimes intermingled with ostracods that were previously identified as Permiana, Tomiella, Kelameilina, etc. [50] (Figure 2e,f,h). In Figure 2d,g, dry-cracked fragments and water-escape structures are also present within some cores, indicating aridity and a rapid depositional environment [51,52].



Microfossils embedded in the upper Lucaogou Formation were observed using SEM as irregular colonial forms (Figure 3a–d). In Figure 3a, sheet-like algal mats are distributed in a circled region, with an area of approximately 0.12 mm2. They are characterized and constated by abundant, randomly arranged globular to elliptical shaped individuals, some of them with ornaments on the cell surfaces (Figure 4a–c). Through EDS elemental mapping tests, it was revealed that most of these fossil spheroids were replaced by pyrites, or filled by pyrite framboids inside the spherical chamber, some of which dropped and successively formed shedding molds (Figure 4d and Figure 5a). Furthermore, some cracked spheroids after pyritization are closely attached to silicate minerals (Figure 5b–f).



Individual microfossils are of different sizes, ranging from 1 μm to 12 μm in diameter. We counted 868 specimens in total, most of the fossils exhibit a diameter between 1 μm and 7 μm (avg. 4.06 μm) (Figure 3(a1)). They are always encircled by organic matter and attached by clastic minerals. Trilobate and rectangular ornaments are visible in some single individuals (Figure 6). The genesis of these ornaments can be attributed to the metasomatism and crystallization of pyrites. The algal colonies were replaced by pyrites before being squashed and preserved due to their sulfur affinity. During the transformation from initially formed pyrite spheroids to larger particles with higher crystallinity, the specific surface area increased with extra spaces, thus leading to the formation of different ornaments on the cell surfaces. According to EDS testing, the fossils in Figure 6 are mainly composed of C (42.1–52.5 At%), S (24.1–31.2 At%), and Fe (13.1–17.8 At%), with a small amount of O (8.0–9.5 At%) and traces of Si and Ca. The microfossil colonies are interpreted here as cyanobacteria, with affinities to the Microcystis colonies (Chroococcaceae) based on morphological identification characters.



Microcystis is a kind of greenish planktic cyanobacterium, characterized by a coccoid structure, that commonly forms blooms in modern lakes, rivers, and reservoirs [53]. Solitary Microcystis cells are commonly spherical or subspherical, with diameters ranging between 1.7 and 7 μm [54,55]. In our study, slightly larger cells with diameters greater than 7 μm can be attributed to mineralization with pyrites. The cells are able to accumulate in large numbers and integrate irregularly with other microbes under suitable environmental conditions (Figure 3e). Therefore, Microcystis can exhibit a variety of colonial morphologies, such as ellipsoid, spheroid, and irregular dendric [56,57]. Cyanobacteria have a relatively high probability of becoming incorporated in the fossil record as cellularly intact specimens, especially when they are preserved by permineralization during the early stages of sediment lithification as shown in this study (Figure 4, Figure 5 and Figure 6). These cyanobacteria colonies are critical contributors to the abundant lamalginite layers and clearly document the occurrence of cyanobacterial blooms.




4.2. Biomarkers


Biomarkers including normal alkanes, isoprenoids, terpanes, and steranes recorded by mass chromatography are frequently utilized to investigate the origin of organic matter and its depositional environment [18]. Detailed biomarker ratios of the Lucaogou source rocks are listed in Table 2.



The distributions of n-alkanes show unimodal characteristics with carbon peaks located at nC17–nC25 (Figure 7a). In addition, the peak numbers of the upper member are smaller than those of the lower member. The terrestrial/aquatic ratio (TAR), which is defined as (nC27 + nC29 + nC31)/(nC15 + nC17 + nC19), varies between 0.09 and 5.97. The carbon preference index (CPI) ranges from 1.05 to 1.10 (avg. 1.07) and the odd–even predominance (OEP) varies from 1.01 to 1.43 (avg. 1.19), indicative of low to moderate maturity of the Lucaogou source rocks.



Abundant isoprenoids such as pristane (Pr) and phytane (Ph) were also detected in the studied samples, with Pr/Ph ratios ranging from 0.19 to 1.50. The ratios of pristine/n-C17 are 0.46–10.59 (avg. 2.21) in the upper member and 0.94–2.93 (avg. 1.50) in the lower member. The ratios of phytane/n-C17 in the upper and lower members are 0.30–6.15 (avg. 1.63) and 0.95–3.64 (avg. 1.56) respectively. In addition, 7- and 8- monomethyl hepadecanes were identified via a m/z 57 gas chromatogram, representing a predominance over 2–6 monomethyl homologs (Figure 7c). The 7-, 8-monomethyl heptadecanes/Cmax ratios range between 0.01 and 0.24 (avg. 0.08).



Differences in the abundance of β-carotane are noticeable between the upper and lower members. The β-carotane index, which is defined as 100 (β-carotane/17α, 18β(H)-C30 hopane), is significantly higher in the lower member (1.19–66.47, avg. 21.84) than the upper member (2.86–34.69, avg. 10.01). Moreover, the abundance of gammacerane in samples from the lower member is markedly lower. The gammacerane index (GI: gammacerane/17α, 18β(H)-C30 hopane) of the lower member yielded a range of 0.20–0.26 (avg. 0.23), while the values of the upper member were found to be 0.10–0.24 (avg. 0.19).



Regarding regular steranes, samples of the Lucaogou source rocks shows a relatively lower proportion of C27 steranes (8.3%–42.8%, avg. 17.4%), a medium concentration of C28 steranes (20.8%–41.6%, avg. 34.2%), and a slightly greater abundance of C29 steranes (15.6%–61.6%, avg. 48.5%) (Figure 7b). Furthermore, the 2α-methylhopanes of the samples were identified using a representative gas chromatogram of m/z 205 (Figure 7d). The 2α-methylhopane index (2-MHI), defined as 2α-methylhopanes/(2α-methylhopanes + 17α,18β(H)-C30 hopane), covers a wide range of 1.35–5.26 (avg. 3.51) (Figure 8).




4.3. TOC and Elemental Geochemical Characteristics


The Lucaogou source rocks in Well J10025 exhibit a wide range of TOC contents that range between 1.81 and 19.60 wt% (Table 1). The upper member has significantly higher values (avg. 9.14 wt%) than the lower member (avg. 4.17 wt%) (Figure 9).



The elemental geochemical data of the Lucaogou source rocks are listed in Table 1. The C-values of the Lucaogou Formation are highly variable (range: 0.07–1.14) and show a significant stratigraphic trend. In general, the C-values increase gradually from the lower member to the upper member. The stratigraphic variation of CIA values exhibits a similar trend to the C-values, varying from low values (46–52) in the lower member to high values (44–79) in the upper member.



The Sr/Ba ratios of the lower member are significantly higher (1.15–4.38) than those of the upper member (0.26–2.16). However, it should be noted that some abnormally high values are largely due to the interference of carbonate Sr [58]. The B/Ga ratios also show considerable variations between the upper and lower members. Despite a few high values, most samples in the upper member exhibit lower values (4.35–13.42) than those of the upper member (8.72–19.85). In addition, the enrichment factors of Mo and U (MoEF and UEF) show similar stratigraphic variation patterns, varying from 0.51 to 63.49 and 0.56 to 8.51, respectively (Figure 9).



Phosphorus (P) is essential to all forms of life on Earth, as it plays a fundamental role in many metabolic processes and acts as a major constituent of the biotic skeleton [46]. In the layers of Microcystis fossils, the P concentration increases sharply and reaches its maximum (0.20 wt%) in the sedimentary sequence. The P/Ti and Ba/Al ratios of the upper member (avg. 0.38 and 1.36 × 10−2 respectively) are remarkably higher than those of the lower member (avg. 0.24 and 6.68 × 10−3 respectively).





5. Discussion


5.1. Biological Precursors of the Lucaogou Source Rocks


The distribution of n-alkanes in source rocks can provide information about the origins of organic matter, including algae, bacteria, and higher plants [20,43]. As shown in Table 2 and Figure 7a, the distributions of n-alkanes show unimodal characteristics with carbon peaks located at nC17–nC25, indicating that the source of organic matter is a combination of terrestrial and aquatic organisms. However, most of the samples from the upper member of the Lucaogou Formation exhibit nC17–nC21 carbon peak numbers, indicative of a dominance of algal and bacterial input, while the lower member with nC23 as the most frequent peak reveals terrestrial higher plant inputs [59,60].



The terrigenous/aquatic ratio (TAR) may reflect the relative abundance of terrigenous plants versus aquatic organisms in sediments [44,61]. The TAR of the Lucaogou Formation exhibits a wide range between 0.09 and 2.16, suggesting a mixed contribution of organic inputs. However, the TAR of the upper member is significantly lower (0.09–1.26, avg. 0.54) than that of the lower member (0.13–2.16, avg. 0.96), especially in the microfossil-bearing layer (0.11), indicating that algae or bacteria are the main biological precursors of the upper member while terrestrial plants contribute more to the lower member.



Regular steranes have been widely used to estimate the relative proportions of organic matter sources [62]. In general, C27 regular steranes are primarily derived from algae and zooplankton, C28 regular steranes originate from phytoplankton, and C29 regular steranes are typically associated with terrestrial plants [63,64]. However, microalgae and cyanobacteria are also considered important sources of C29 steranes [30,65]. In Figure 10a, Lucaogou source rocks show a mixed contribution of organic inputs, which in the upper member mainly come from plankton and bacteria while in the lower member they originate from plankton and land plants.



Furthermore, 2α-methylhopanes (2-MHs) are highly diagnostic for identifying cyanobacteria. Thus, the 2α-methylhopane index (2-MHI) is commonly used to evaluate the abundance of 2-MHs in geological sediments [66,67,68]. High 2-MHI values (1.35–5.26) in Lucaogou source rocks could demonstrate that the biological inputs mainly consisted of cyanobacteria. In addition, monomethyl alkanes including the 7- and 8-carbon substituted methyl heptadecanes are more abundant in modern cyanobacteria [69,70]. The remarkable abundance of 7- and 8-monomethyl heptadecanes compared to their homologs may provide evidence of cyanobacterial blooms [71,72]. Moderate 7-, 8-monomethyl heptadecanes/Cmax ratios (0.01–0.24) imply that cyanobacteria comprise an important part of the organic matter input of the Lucaogou Formation.
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Figure 10. Paleoenvironment conditions of the ancient Permian lake indicated by trace elements and biomarkers. (a) Ternary plot of C27–C28–C29 regular steranes, illustrating the organic matter input (modified from [73]). (b) Plot of UEF versus MoEF. The diagonal lines represent multiples (0.1, 0.3 and 1) of the Mo:U ratio of present-day seawater (modified from [74]). (c) Plot of Pr/Ph versus the Gammacerane index. (d) Plot of Ph/nC18 versus Pr/nC17 (following [75]). 
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In summary, based on a comprehensive analysis of biomarker evidence, cyanobacteria can be reasonably inferred to be the main biological precursors of the upper member of the Lucaogou source rocks deposited in the Permian lake. This inference is in accordance with the results of a paleontological study that identified the microfossil spheroids as Microcystis, by using direct SEM observations. In contrast, the hydrocarbon precursors of the lower member were mainly terrestrial higher plants mixed with some planktic algae.




5.2. Paleoenvironmental Conditions of the Permian Microcystis Bloom


As the upper member of the Lucaogou Formation yields better shale oils with cyanobacteria as its main biological precursors, the following discussion focuses mainly on the upper member and tries to decipher the relationship between the Permian paleoenvironment and the Microcystis bloom.



5.2.1. Environmental Factors Triggering Modern Cyanobacterial Blooms


Microcystis is one of the predominant taxa involved in cyanobacterial blooms, with others including Planktothrix, Gloetrichia, Oscillatoriales, etc. [76]. Microcystis prefers to grow in eutrophic waters under strong light, relatively high temperatures (the optimum temperature range is 25–30 °C), and highly alkaline conditions (pH 8.0–9.5) [2,77]. In addition, the growth of Microcystis is seasonal and periodic. Microcystis is physiologically dormant in the sediment layer during winter but returns to the water column to proliferate rapidly during summer, thus becoming the predominant species [1,78,79]. Furthermore, nutrients such as phosphorus (P), nitrogen (N), iron (Fe), and magnesium (Mg) are also responsible for controlling algal biomass and bloom events in aquatic ecosystems [80,81]. Microcystis blooms are closely affected by numerous ecological and environmental factors including climate, sunlight, temperature, pH, nutrients, and hydrodynamic conditions.




5.2.2. Paleoclimate and Paleosalinity


The CIA is a reliable proxy for evaluating the chemical weathering degree of sediments and paleoclimate [49,82]. Low CIA values of the lower member, ranging from 46 to 52, indicate arid conditions under low to moderate degrees of chemical weathering. In contrast, the upper member exhibits relatively higher CIA values (44–79, avg. 58), implying a semiarid climate during the deposition of source rocks. The C-value is another elemental parameter that is utilized for paleoclimate reconstruction [83,84]. The C-values of the lower member (0.07–0.21) reveal an arid environment, while those of the upper member are significantly higher (0.11–1.14), suggesting a transition from an arid to a semiarid climate. In addition, dry-cracked fragments and water-escape structures in core samples are indicative of aridity and a rapid depositional environment (Figure 2d,g).



Sr/Ba and B/Ga ratios are considered effective salinity indicators [85,86]. Wei and Aljeo estimated that the approximate salinity thresholds for Sr/Ba are <0.2 in freshwater, 0.2–0.5 in brackish, and >0.5 in marine facies [58]. For B/Ga, sedimentary ratios of <3, 3–6, and >6 are indicative of freshwater, brackish, and marine facies, respectively. In this study, both ratios exhibit high values (Sr/Ba: avg. 1.47, B/Ga: avg. 12.43), indicative of a saline environment. However, the declining values in the upper member reveal a decreasing salinity trend (Figure 9). While the Sr/Ba proxy is slightly less robust owing to carbonate Sr interference, other proxies can be used to support interpretations of paleosalinity [58,87]. For example, abundant gammacerane is usually interpreted as evidence of stratified water column, which is closely associated with hypersalinity [73,88]. The gammacerane index value (GI: gammacerane/C30 hopane) of the upper member ranges from 0.10 to 0.24 (avg. 0.19), which likely indicates a fresh to brackish depositional environment. In contrast, the lower member with values of 0.20–0.26 suggests brackish to saline conditions with unstable stratification of the water column (Table 2, Figure 8).




5.2.3. Redox Conditions


MoEF and UEF are reliable indicators for paleoredox evaluation [89,90]. The Mo–U covariation model has recently been widely used as a reliable proxy for determining redox and water retention in black shales [74,86]. In the Mo–U covariation model, most samples from the Lucaogou Formation fall into the range above 0.3 times the Mo/U of seawater, yielding greater MoEF relative to UEF, indicative of an anoxic to euxinic environment (Figure 10b).



The pristine/phytane ratio (Pr/Ph) is normally used as a paleoredox proxy [44,91]. As shown in Table 2 and Figure 8, most of the Pr/Ph ratios are less than 1, suggesting a reducing depositional environment. However, the ratios of the upper member are slightly higher, revealing an anoxic to suboxic environment. Plots of Pr/n-C17 versus Ph/n-C18 can also be used to infer the redox conditions of source rocks [92], in this case indicating a weakly oxidizing to weakly reducing depositional environment with mixed organic inputs (Figure 10d).



β-carotane generally accumulates in highly reducing and saline lacustrine environments [70,93]. The high β-carotane index (1.19–66.47) of the lower member indicates more reducing and saline conditions. In addition, pyrite framboids in some core samples can also suggest reducing conditions (Figure 4d). Therefore, a suboxic to anoxic depositional environment for the upper member of the Lucaogou Formation was reconstructed by the above-mentioned redox proxies.




5.2.4. Productivity


Productivity plays an important role in organic matter enrichment and source rock potential [46,94]. Various geochemical proxies including C and N isotopes, organic biomarkers, and trace metal abundances (Cu, Ba, Zn, etc.) have been utilized to reconstruct biological productivity [95,96,97,98]. In this study, we refer to TOC, P, P/Ti, and Ba/Al as paleoproductivity proxies.



Total organic carbon (TOC) accounts for the largest proportion of organic matter preserved in sediments, acting as a direct indicator of productivity [99,100,101]. The Lucaogou Formation with TOC values ranging between 1.81 and 19.60 wt% suggest high productivity (Figure 9). In addition, distributions of phosphorous in sediments are closely linked to primary biological productivity and the supply of OM [46,102]. The upper member of the Lucaogou Formation has high concentrations of P (up to 0.20 wt%), reflecting an increasing nutrient input largely due to volcanism. Intermittent volcanic eruptions during the Middle Permian released large amounts of carbon dioxide and volcanic ash, triggering global warming and eutrophication [70,103,104].



Barium (Ba) is always associated with biological metabolism and can be used to represent organic matter input [105,106]. Aluminium (Al) and titanium (Ti) are primarily of detrital origin, therefore P/Ti and Ba/Al are generally considered effective indicators of productivity by eliminating the impact of terrigenous debris [28,107]. The upper member of the Lucaogou source rocks exhibits higher P/Ti and Ba/Al ratios (P/Ti: avg. 0.38, Ba/Al: avg. 1.36 × 10−2) than the lower member (P/Ti: avg. 0.24, Ba/Al: avg. 6.68 × 10−2), providing evidence of a nutrient-rich environment with higher productivity in the upper member.



In summary, the sedimentary environment of the Permian Lucaogou Formation transformed from arid and saline conditions in the lower member into semiarid and brackish conditions in the upper member (Figure 9). During the deposition of the upper member, relatively low salinity was favorable for Microcystis survival. Furthermore, the warm climate and stratified water body facilitated algal growth, decreased water viscosity, and increased the sedimentation rate of eukaryotic algae, thus strengthening the competitive advantage of Microcystis among phytoplankton [108]. In addition, increased nutrient loading from volcanism, especially Fe and P into the lake, was the main cause of eutrophication [30,109]. Fe and P are indispensable elements for cyanobacterial metabolic activities. As water bodies become enriched in nutrients, there is often a shift in the phytoplankton community toward dominance by cyanobacteria [28,110]. Under this combination of favorable conditions, the Microcystis bloom occurred in the upper member.





5.3. Mechanism of Organic Matter Enrichment under Cyanobacterial Blooms


In terms of organic matter enrichment, several key controlling factors have been proposed, including enhanced preservation, restricted basin conditions, sea level changes, paleoproductivity, and dilution [111,112,113]. For example, Zhang et al. (2018) regarded the paleoproductivity of surface water and the relatively stable anoxic environment as the main factors controlling the enrichment of organic matter in the Lucaogou Formation [27]. A case study carried out by Zhao et al. (2023) proposed that the relatively high bio-productivity of water and low input of detrital matter were favorable for the preservation of OM [114]. However, these previous studies did not relate the mechanism of organic matter enrichment to cyanobacterial blooms.



The upper member of the Lucaogou Formation was deposited in a brackish lacustrine environment with anoxic to suboxic water conditions (Figure 11). This specific depositional environment in shales is commonly considered an ideal environment for controlling the degradation and preservation of organic matter [115,116,117]. Favorable paleoenvironmental conditions in the lacustrine system, together with eutrophication, rising CO2 levels, and a globally warming climate, facilitated the cyanobacteria growth rate, triggered the cyanobacterial bloom, and promoted an accumulation of cyanobacterial biomass [118,119,120,121].



Abundance of organic matter is usually dependent upon the interplay of a variety of factors including primary productivity, preservation conditions, and sedimentation rate [17,122,123,124]. The mechanism of organic matter enrichment by cyanobacterial blooms is supported by two main ways. From one perspective, Permian Microcystis blooms favored the accumulation of organic matter by directly providing a hydrocarbon source basis for the Lucaogou Formation. The specific mechanism is reflected in modern examples [125]. In modern lakes, seasonal alternation plays a critical role in the formation of Microcystis blooms [1,126]. During this process, nutrient-rich bottom water moves upward in spring and summer as the temperature rises, producing favorable conditions for algal blooms. As the temperature decreases in autumn and winter, algal colonies and other organic materials are deposited at the bottom of the lake in the form of sheet-like algal mats and subsequently buried as organic-rich laminae [2,127].



However, previous works have overlooked the other aspect in which cyanobacterial blooms contribute to the enrichment of organic matter. The negative feedback of cyanobacterial blooms to the paleoenvironment may also have facilitated preservation of organic matter. The Microcystis bloom that occurred in the upper member of the Lucaogou Formation may have further deteriorated the paleoenvironment by releasing odorous compounds, producing toxins, causing bottom layer anoxia, etc. [57,76]. A large number of Microcystis gathered on the lake surface, inhibiting the air circulation between the water and atmosphere, and forming a shield that reduced the oxygen concentrations produced by plant photosynthesis [128]. Moreover, microcystin, a kind of toxin produced by Microcystis, is lethal to most metazoans in aquatic ecosystems and can cause mass death of creatures [129,130]. As a result, the decomposition of biological bodies further increases the accumulation of organic matter during cyanobacterial blooms. In addition, the oxygen-depleted sedimentary environment enhanced by the Microcystis bloom is favorable for the preservation of organic matter by inhibiting disturbance by benthic organisms and the biodegradation progress of microbes [131,132]. From both aspects, Microcystis blooms were of vital importance in the formation of the Lucaogou source rocks, playing a major role and acting as a critical connection point among the numerous hydrocarbon generation events of Jimsar shale oil.



In addition, by their influence on cyanobacteria, volcanism and other geological events could also have had an impact on the accumulation and preservation of organic matter. Permian volcanic eruptions released large amounts of ion-rich volcanic ash, providing abundant nutrients which could stimulate the proliferation of cyanobacteria and advance the productivity-based biogeochemical progress [30,108]. Some key marine events in the Permian, such as photic zone euxinia and faunal mass extinction, were also closely associated with cyanobacterial blooms [133,134]. All these biotic and abiotic factors lead to the formation of Permian Lucaogou source rocks.





6. Conclusions


In this paper, we have presented a comprehensive study of the Lucaogou source rocks including petrological, paleontological, and geochemical analyses. The conclusions are as follows:




	(1)

	
Abundantly distributed, globular to elliptical shaped microfossils in the upper member of the Lucaogou Formation are interpreted as Microcystis, a kind of cyanobacteria. The great abundance of these fossils referred to the Chroococcaceae indicates the occurrence of Permian cyanobacterial blooms, which are further proven by cyanobacteria-derived biomarkers.




	(2)

	
The upper member of the Lucaogou Formation was deposited in a brackish lacustrine environment with anoxic to suboxic water conditions, under a semiarid paleoclimate. Such a paleoenvironment together with abundant nutrients from volcanism ultimately led to cyanobacterial blooms in Permian lakes.




	(3)

	
Permian Microcystis blooms contributed to organic matter enrichment in two ways. The first was by directly promoting the accumulation of algal biomass, and the second by creating an oxygen-depleted environment for better preservation of organic matter. This study thus provides new insight into shale oil exploration and development in the Junggar Basin, from the perspective of cyanobacterial blooms.
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Figure 2. Core images (left), thin sections (middle), and fluorescent photographs (right) of the representative Lucaogou source rocks. (a,b) Organic matter (OM) laminae intermingled with terrigenous clastic laminae, mudstone, 3530.8 m. (c) Lamalginite displaying yellowish to green fluorescence, 3530.8 m. (d) OM laminae, terrigenous clastic laminae, and water-escape structure, dolomitic mudstone, 3576.6 m. (e) Ostracoda laminae and terrigenous clastic laminae, 3576.6 m. (f) Lamalginite and ostracoda laminae, 3576.6 m. (g) OM laminae and dry-cracked fragments, dolomitic mudstone, 3595.4 m. (h) Ostracoda, and OM laminae, 3595.4 m. (i) Lamalginite, yellowish to green fluorescence, 3595.4 m. 
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Figure 3. Microscopic photographs of Microcystis bloom in the upper Lucaogou Formation (J-17, 3574.2 m). (a) Sheet-like algal mats are widely distributed in the circled area. (a1) Size distributions and the fitting curve of Microcystis spheroids (count: 868, mean: 4.06 μm, standard deviation: 1.63 μm) (b–d) Microcystis cells are irregularly integrated as colonies. (e) Schematic diagram of Microcystis colony formation and bloom. 
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Figure 4. Microscopic photographs of Microcystis in the upper Lucaogou Formation (J-17, 3574.2 m). (a) Microcystis colony. (b) Magnified view of (a); abundant, randomly arranged globular to elliptical shaped individuals. (c) Close-up of the rectangle in (b); ornaments are visible on the cell surface. (d) Microcystis individuals, pyrite framboids, and their shedding molds. 
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Figure 5. Elemental mapping test results of microfossil Microcystis. (a,b) SEM photographs of a cracked spheroid; (b) is the magnified view of the rectangle in (a); (c–f) Elemental mapping test of the cracked spheroid, mainly composed of Si, Fe, and S. 
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Figure 6. Microscopic photographs of individual Microcystis (all bars represent 2 μm). (a,b) Individuals with trilobate ornaments on the cell surfaces are attached by clastic minerals and encircled by organic matter. (c) Microfossil spheroid encircled by organic matter. (d) Microfossil spheroid and shedding molds. (e,f) Microfossil spheroids with rectangular ornaments on the cell surfaces. 
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Figure 7. Biomarker chromatograms of cyanobacteria-bearing sample J-17, 3574.2 m. (a) Total ion chromatogram of the shale sample. (b) Mass chromatograms (m/z = 217) of the steranes. (c) Mass chromatograms (m/z = 57) of 2–8 monomethyl heptadecanes. (d) Mass chromatograms (m/z = 205) of hopanes. 
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Figure 8. Biomarkers of the Lucaogou Formation (the red star marks the sample location of the microfossil J-17, 3574.2 m). 
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Figure 9. TOC and element geochemical parameters of the Lucaogou Formation (the red star marks the sample location of the microfossil J-17, 3574.2 m). 
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Figure 11. Schematic diagram of a Permian Microcystis bloom and its hydrocarbon effect. (a) Paleoenvironment of the lower member. (b) Paleoenvironment of the upper member. 
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Table 1. TOC and element ratios of the Lucaogou Formation.
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	Sample
	Depth (m)
	TOC (%)
	Sr/Ba
	B/Ga
	CVALUE
	CIA
	MoEF
	UEF
	P (%)
	P/Ti
	Ba/Al





	J-26
	3499.5
	5.77
	0.99
	16.33
	1.14
	74
	11.67
	2.56
	0.06
	0.26
	7.02 × 10−3



	J-25
	3506.8
	1.81
	1.40
	25.86
	0.28
	79
	0.51
	0.56
	0.10
	0.46
	3.06 × 10−3



	J-24
	3515.0
	7.76
	0.76
	26.89
	0.34
	68
	6.95
	1.95
	0.17
	0.54
	6.78 × 10−3



	J-23
	3523.7
	6.81
	0.62
	4.93
	0.85
	59
	23.13
	3.46
	0.04
	0.17
	1.68 × 10−2



	J-22
	3526.1
	5.74
	0.49
	4.35
	0.94
	62
	15.35
	8.51
	0.12
	0.34
	2.60 × 10−2



	J-21
	3530.8
	14.93
	0.85
	6.41
	1.00
	64
	29.54
	8.22
	0.13
	0.63
	1.33 × 10−2



	J-20
	3547.8
	5.53
	0.26
	6.40
	0.96
	59
	10.28
	3.98
	0.04
	0.11
	2.02 × 10−2



	J-19
	3569.2
	3.10
	0.48
	9.92
	0.38
	44
	14.83
	2.44
	0.01
	0.05
	1.91 × 10−2



	J-18
	3570.5
	6.75
	0.60
	6.68
	0.40
	48
	11.91
	2.72
	0.01
	0.09
	3.15 × 10−2



	J-17
	3574.2
	19.60
	0.71
	7.93
	0.22
	53
	6.25
	2.41
	0.20
	1.05
	6.79 × 10−3



	J-16
	3576.6
	16.97
	1.04
	8.70
	0.66
	46
	19.44
	6.17
	0.04
	0.20
	2.17 × 10−2



	J-15
	3595.4
	15.80
	2.16
	13.42
	0.11
	50
	2.13
	4.42
	0.06
	0.42
	4.36 × 10−3



	J-14
	3603.1
	7.04
	2.11
	8.93
	0.14
	54
	3.57
	2.81
	0.09
	0.82
	8.60 × 10−3



	J-13
	3613.7
	6.98
	0.63
	10.24
	0.15
	48
	6.08
	0.79
	0.05
	0.16
	4.84 × 10−3



	J-12
	3624.3
	3.62
	2.10
	15.14
	0.11
	46
	9.49
	2.11
	0.03
	0.19
	5.59 × 10−3



	J-11
	3629.2
	2.29
	1.15
	14.50
	0.07
	48
	3.23
	0.85
	0.04
	0.21
	7.32 × 10−3



	J-10
	3664.3
	4.20
	1.73
	11.37
	0.12
	50
	1.28
	1.66
	0.05
	0.30
	6.21 × 10−3



	J-09
	3679.5
	3.11
	1.57
	18.89
	0.09
	49
	1.41
	0.93
	0.03
	0.18
	4.82 × 10−3



	J-08
	3681.6
	2.44
	2.24
	10.35
	0.19
	48
	3.97
	1.31
	0.03
	0.13
	4.66 × 10−3



	J-07
	3684.5
	3.48
	2.84
	13.48
	0.11
	47
	1.72
	0.74
	0.04
	0.25
	5.93 × 10−3



	J-06
	3685.5
	5.82
	1.26
	8.72
	0.20
	52
	12.32
	1.18
	0.07
	0.35
	7.76 × 10−3



	J-05
	3695.3
	1.95
	1.81
	11.65
	0.14
	48
	15.70
	3.98
	0.07
	0.28
	9.83 × 10−3



	J-04
	3696.9
	2.50
	2.28
	19.72
	0.11
	50
	2.90
	1.49
	0.02
	0.09
	6.09 × 10−3



	J-03
	3699.9
	5.73
	1.30
	12.86
	0.21
	51
	4.64
	0.80
	0.03
	0.14
	7.56 × 10−3



	J-02
	3701.3
	7.87
	2.54
	9.72
	0.08
	49
	63.49
	2.42
	0.05
	0.37
	9.71 × 10−3



	J-01
	3708.3
	4.85
	4.38
	19.85
	0.08
	51
	4.04
	0.77
	0.04
	0.35
	4.72 × 10−3
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Table 2. Biomarker ratios of the Lucaogou Formation.






Table 2. Biomarker ratios of the Lucaogou Formation.





	
Sample

	
Depth (m)

	
Max-Peak

	
CPI

	
OEP

	
TAR

	
Pr/n-C17

	
Ph/n-C18

	
Pr/Ph

	
GI

	
2-MHI

	
β-Carotane Index

	
7,8-MMH/Cmax

	
Regular Steranes (%)




	
C27

	
C28

	
C29






	
J-26

	
3499.5

	
C23

	
1.08

	
1.40

	
0.91

	
2.14

	
1.51

	
1.30

	
0.10

	
2.00

	
18.74

	
0.04

	
22.4

	
24.0

	
53.7




	
J-25

	
3506.8

	
C23

	
1.09

	
1.34

	
1.26

	
1.30

	
1.57

	
0.74

	
0.14

	
3.12

	
34.69

	
0.03

	
42.8

	
41.6

	
15.6




	
J-24

	
3515.0

	
C23

	
1.06

	
1.23

	
0.91

	
1.20

	
1.09

	
0.75

	
0.20

	
1.41

	
14.38

	
0.04

	
27.7

	
28.6

	
43.7




	
J-23

	
3523.7

	
C17

	
1.08

	
1.29

	
0.09

	
0.86

	
0.76

	
1.25

	
0.21

	
1.35

	
3.46

	
0.12

	
33.3

	
26.3

	
40.4




	
J-21

	
3530.8

	
C19

	
1.07

	
1.01

	
0.31

	
0.60

	
0.51

	
1.01

	
0.16

	
1.88

	
2.86

	
0.07

	
25.3

	
35.0

	
39.7




	
J-20

	
3547.8

	
C25

	
1.05

	
1.06

	
0.62

	
10.59

	
3.67

	
0.47

	
0.20

	
3.64

	
5.56

	
0.00

	
19.6

	
36.7

	
43.7




	
J-19

	
3569.2

	
C23

	
1.05

	
1.18

	
0.92

	
0.91

	
0.67

	
0.77

	
0.24

	
4.20

	
8.03

	
0.04

	
11.9

	
39.5

	
48.5




	
J-17

	
3574.2

	
C17

	
1.09

	
1.24

	
0.11

	
0.87

	
0.81

	
1.33

	
0.21

	
4.65

	
4.69

	
0.11

	
23.4

	
40.2

	
36.5




	
J-15

	
3595.4

	
C19

	
1.09

	
1.14

	
0.20

	
0.46

	
0.30

	
1.50

	
0.19

	
4.69

	
3.69

	
0.04

	
18.0

	
41.2

	
40.8




	
J-14

	
3603.1

	
C21

	
1.08

	
1.07

	
0.58

	
4.37

	
6.15

	
0.52

	
0.24

	
2.84

	
6.65

	
0.01

	
27.1

	
20.8

	
52.1




	
J-13

	
3613.7

	
C17

	
1.07

	
1.35

	
0.13

	
0.95

	
0.87

	
1.31

	
0.18

	
4.05

	
7.34

	
0.11

	
17.1

	
38.4

	
44.6




	
J-12

	
3624.3

	
C21

	
1.07

	
1.05

	
0.36

	
1.25

	
1.02

	
1.14

	
0.25

	
4.01

	
6.01

	
0.12

	
11.0

	
36.2

	
52.8




	
J-11

	
3664.3

	
C23

	
1.05

	
1.17

	
0.80

	
2.93

	
3.64

	
0.84

	
0.25

	
4.18

	
31.42

	
0.24

	
11.4

	
34.7

	
53.9




	
J-10

	
3629.2

	
C17

	
1.06

	
1.38

	
0.29

	
1.28

	
1.66

	
0.82

	
0.23

	
4.15

	
6.77

	
0.17

	
10.6

	
40.2

	
49.3




	
J-09

	
3679.5

	
C23

	
1.05

	
1.14

	
0.68

	
1.70

	
1.95

	
0.88

	
0.24

	
3.33

	
26.04

	
0.15

	
8.3

	
36.1

	
55.6




	
J-08

	
3681.6

	
C23

	
1.05

	
1.13

	
1.21

	
1.69

	
1.57

	
0.65

	
0.22

	
3.93

	
66.47

	
0.05

	
8.5

	
36.0

	
55.5




	
J-07

	
3684.5

	
C20

	
1.03

	
1.10

	
0.79

	
1.58

	
1.19

	
0.20

	
0.25

	
3.64

	
17.15

	
0.03

	
9.9

	
29.3

	
60.7




	
J-06

	
3685.5

	
C22

	
1.05

	
1.08

	
0.92

	
0.97

	
1.20

	
0.42

	
0.26

	
3.48

	
13.25

	
0.05

	
11.7

	
26.7

	
61.6




	
J-04

	
3696.9

	
C23

	
1.06

	
1.11

	
2.16

	
1.79

	
1.53

	
0.43

	
0.20

	
4.37

	
28.02

	
0.04

	
9.2

	
35.4

	
55.5




	
J-03

	
3699.9

	
C23

	
1.06

	
1.11

	
1.52

	
1.10

	
1.13

	
0.49

	
0.23

	
2.91

	
15.66

	
0.04

	
9.2

	
35.2

	
55.6




	
J-02

	
3701.3

	
C17

	
1.10

	
1.43

	
0.13

	
0.94

	
0.95

	
0.98

	
0.22

	
5.26

	
1.19

	
0.13

	
13.3

	
36.5

	
50.2




	
J-01

	
3708.3

	
C23

	
1.05

	
1.12

	
1.70

	
1.23

	
1.35

	
0.19

	
0.22

	
4.21

	
28.30

	
0.03

	
10.5

	
32.9

	
56.6








Note: The carbon preference index (CPI) and the odd–even predominance (OEP); Terrigenous/aquatic ratio (TAR) = (nC27 + nC29 + nC31)/(nC15 + nC17 + nC19); Gammacerane index (GI): gammacerane/17α,18β(H)-C30 hopane; 2α-methylhopane index (2MHI) = 2α-methylhopanes/(2α-methylhopanes + 17α,18β(H)-C30 hopane); β-carotane index = 100 × (β–carotane/17α,18β(H)-C30 hopane); 7-, 8-monomethyl heptadecanes/Cmax ratio (7,8-MMH/Cmax).
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